ABSTRACT
This review presents our knowledge of potential biochemical conversions of minor mononucleotides, such as adenosine-5′-tetraphosphate (p 4 A) and adenosine-5′-pentaphosphate (p 5 A), and dinucleotides, such as diadenosine-5′,5′′′-P 1 ,P 3 -triphosphate (Ap 3 A) and diadenosine-5′,5′′′-P 1 ,P 4 -tetraphosphate (Ap 4 A), in plants. Although the occurrence of p 4 A, Ap 3 A and/or Ap 4 A has been demonstrated in various bacteria, fungi and animals, identification of these compounds in plants has not been reported as yet. However, the ubiquity of both the compounds and enzymes that can synthesize them (certain ligases and transferases), the demonstration that certain plant ligases can synthesize p n As and Ap n Ns in vitro, and the existence in plants of specific and nonspecific degradative enzymes strongly suggest that these various p n Ns and Np n N′s do indeed occur and play a biological role in plant cells. In fact, some of the plant enzymes involved in the synthesis and degradation of these minor mono-and dinucleotides have been studied even more thoroughly than their counterparts from other organisms.
INTRODUCTION
Two homologs of ATP, adenosine 5′-tetraphosphate (ppppA or p 4 A) ( Figure 1A ) and adenosine 5′-pentaphosphate (pppppA or p 5 A), represent naturally occurring nucleoside 5′-polyphosphates (p n Ns) while diadenosine-5′,5′′′-P 1 ,P 3 -triphosphate (ApppA or Ap 3 A) and diadenosine-5′,5′′′-P 1 ,P 4 -tetraphosphate (AppppA or Ap 4 A), (Figure 1B) , are the most thoroughly investigated dinucleoside polyphosphates (Np n N′s, where N and N′ are 5′-O-nucleosides and n represents the number of phosphate residues in the polyphosphate chain that links N with N′ esterifying the nucleosides in their 5′ positions). Although p 4 A, the closest homolog of ATP, has been known for fifty years, it has not attracted much attention from biochemists. We know more about Np n N′s than about p n Ns but our knowledge of the biochemistry and biological roles of these two groups of compounds is scarce. For earlier reviews see refs. 1-10.
As far as plants are concerned, although neither p n Ns nor Np n N′s have yet been identified in such material, we do have quite a comprehensive understanding of plant enzymes that can synthesize p [4] [5] As and Ap [3] [4] [5] As and of specific and non-specific degradative enzymes. This suggests indirectly that these compounds must occur in plant cells and that their levels are subjected to subtle regulation. 
MONONUCLEOSIDE POLYPHOSPHATES

Discovery of nucleoside-5′-polyphosphates
In his short notes, Marrian first expressed the belief that a compound found as a contaminant in bovine muscle ATP preparations was p 4 A (11, 12). Subsequently, Sacks reported that, in addition to p 4 
Occurrence of p 4 A and p 5 A in biological material
The first report of the presence of p 4 A in biological material was published in 1965 by Heldt and Klingenberg (23) who found this compound in rat liver mitochondria. The following year, Small and Cooper reported p 4 A in rabbit and horse muscle (24). Subsequently, p 4 A has been detected in rat liver (25), bovine adrenal medulla (26-28), rabbit thrombocytes (29) and yeast (Saccharomyces cerevisiae) (30). It has been estimated that in animal cells the concentration of p 4 A is between 3 and 4 orders of magnitude lower than the concentration of ATP (approximately 2 µM). Chromaffin granules from the adrenal medulla contain 2.2 ± 0.1 nmole p 4 A per mg protein, which corresponds to almost 0.8 mM. This is 200-300 times lower than the concentration of ATP (28).
In an effort to identify signal nucleotides that could function during eukaryotic cell differentiation, Jakubowski showed that the highly phosphorylated nucleosides synthesized only during sporulation of the yeast S. cerevisiae were p 4 A and p 5 A, reaching 2% and 1.5% of the ATP concentration. In logarithmically growing yeast they did not exceed 0.1% of the ATP (30).
Enzymatic reactions that can lead to the accumulation of p 4 A
Enzymes active in p 4 A synthesis and the reactions catalyzed by them in vitro fall into three categories. The first comprises enzymes that catalyze transfer of a phosphate residue from a phosphate donor on to ATP: adenylate kinase (EC 2.7.4.3), which can transfer P i from ADP (31), and phosphoglycerate kinase (EC 2.7.2.3), which has been reported to transfer P i from position 1 of 1,3-diphosphoglycerate (24). (It is presumed that these two ubiquitous kinases function also in planta). To the same group belong a mutant succinyl-CoA synthetase (EC 6.2.1.5) from Escherichia coli, which can transfer P i from the enzyme:phosphate complex (32), and the E. coli MurD synthetase (EC 6.3.2.9), which can transfer P i from an enzyme-bound acyl~phosphate (33). The second category of enzymes includes those able to transfer an adenylate residue (-pA) on to tripolyphosphate (P 3 ). The pA residue comes either from a mixed anhydride such as aminoacyl~pA (lysyl-tRNA synthetase, EC 6.1. A much more specific enzyme that recognizes p 4 A is the exopolyphosphatase (EC 3.6.1.11) from brewer's yeast (56) and bacteria (57). This enzyme prefers long-chainpolyphosphates as substrates but also hydrolyzes tetra-and tripolyphosphates and, as has been shown recently, p 4 A and p 5 N (58-61). However, the most specific p 4 A-degrading enzyme is nucleoside tetraphosphate hydrolase (EC 3.6.1.14) found in mammals (62, 63) and higher plants (64). As has been shown for the homogeneous enzyme from yellow lupin seeds, it degrades p 4 A to ATP and P i . In contrast to the lupin (asymmetrical) Ap 4 A hydrolase, the water molecule attacks the substrate within the oligophosphate chain and not at the ATPsite: p 4 N hydrolase degraded p 5 A to ATP and 2P i whereas the Ap 4 A hydrolase cleaved this compound to ATP and PP i (64). Reactions that may be involved in the metabolism of p 4 A in plant cells are shown in Figure 2 .
Nucleoside tetraphosphate hydrolase from yellow lupin seeds
This plant enzyme is so far the only p n N hydrolase purified to electrophoretic homogeneity. It has been purified from lupin seed meal by ammonium sulfate fractionation (50-70% saturation), ion-exchange chromatography on DEAE-Sephacel column, gel filtration (Sephadex G-200), chromatography on a dye-ligand column (Black C-2) and hydrophobic-interaction chromatography (Toyopearl butyl-650S 
DINUCLEOSIDE POLYPHOSPHATES
Discovery of Ap 4 A and other Np n N's in vitro
Chronologically, Np n N′s were first discovered by chemists. In 1953, Todd's laboratory reported the detection of Ap 2 A and Up 2 U as by-products of reactions designed to synthesize ApU (65). Then in 1965-66, Moffatt and coworkers reported that various Ap n As (22, 66) and Gp n Gs (67) accumulated as highly stable end products of the dismutation of ATP and GTP in pyridine or pyridine-containing solvents. However, the most important finding for biochemists was that lysyl-tRNA synthetase is able to transfer the adenylate moiety from the lysyl~AMP intermediate onto various acceptors possessing a pyrophosphate moiety, including ADP and ATP (68). Since then, it has been shown that other aminoacyl-tRNA synthetases, other types of ligases and, certain transferases have the ability to catalyze the synthesis of Np n N′s (see below). So far, the existence of Np n N′s in plant tissues has not been demonstrated. This may be partially explained by the high levels of various secondary metabolites in plants that interfere during estimation of Np n N′s when using procedures developed for the estimation of these compounds in extracts from bacteria, yeast and animals.
Occurrence of Ap
Enzymatic reactions that can lead to the accumulation of Np n N′s
Adenine-containing Np n N′s (Ap n Ns) can be synthesized by some ligases, transferases and firefly luciferase, the last being classified as an oxidoreductase but behaving in Ap n N synthesis as a ligase (34). All enzymes able to produce p 4 A (see section 3.3) can synthesize Ap n Ns, although some of them, e.g. the yeast acetyl-CoA ligase, do it at a very low rate (20). Moreover, not all can synthesize Ap 3 A (Ap 3 Ns). ADP was not an adenylate acceptor for the Arabidopsis coumarate:CoA ligase (21) and a very poor one for firefly luciferase (86). Among the aminoacyl-tRNA synthetases, lysyl-(EC 6.1.1.6), phenylalanyl-(EC 6.1.1.20), alanyl-(EC 6.1.1.7) and prolyl-(EC 6.1.1.15) tRNA synthetases are the most active in Ap n N synthesis (2, 87) and all of them are strongly activated by Zn 2+ , regardless of enzyme origin. Less active are histidyl-, leucyl-, isoleucyl-, seryl-, aspartyl-(88), glycyl-(89) and threonyl-(90) tRNA synthetases, while the tryptophanyl-and arginyl-ones proved to be inactive in this process (88). It should be mentioned here that not all kinds of aminoacyl-tRNA synthetase have been tested as potential "Ap n N synthases". There is also a brief report of Ap 4 A synthesis by three phenylalanyl-tRNA synthetases purified from Euglena gracilis chloroplasts, mitochondria and cytosol.
The reaction catalyzed by these three (iso)enzymes is also strongly stimulated by Zn 2+ (92).
In the yeast S. 4 A, albeit at a rate 10-fold lower than the At4CL2 double mutant. The specific activity determined in the presence of 0.1 mM coumarate as activator was 0.12 nkat mg -1 .
Enzymes that can degrade Np n N′s 4.4.1. Nonspecific enzymes that hydrolyze Np n N′s
Higher eukaryotes, both animals and plants, possess type I phosphodiesterase, a 5′-exonucleotidase that liberates 5′-NMP from its substrates and for which Np n N′s are just one group among a much wider range of possible substrates. This non-specific enzyme is probably predominantly responsible for the hydrolysis of Np n N′s in crude extracts of higher eukaryote tissues. Snake venom phosphodiesterase was originally used to characterize the newly discovered Np n N′s, both by biochemists (68, 71) and chemists (66). Characterization of phosphodiesterases as enzymes that catabolize Np n N′s has been carried out using preparations obtained from yellow lupin seeds (45), rat liver (99), human plasma (100) and serum (101), the slime mold Physarum polycephalum (102) and bovine adrenal medullary plasma membranes (103). At least in mammals, much of the phosphodiesterase activity is associated with membranes from where it can be extracted with Triton X-100 (99, 103). Also, analysis of three heterologously expressed mammalian members of the ectonucleotide pyrophosphatase/phosphodiesterase family, NPP1, NPP2 and NPP3, as Ap 4 A-hydrolyzing enzymes has led to the suggestion that these enzymes are major candidates for the hydrolysis of extracellular Ap n As in vertebrate tissues (104). Non-specific adenosine-phosphate deaminases (EC 3.5.4.17) that occur in the snail H. pomatia and fungus A. oryzae are able to convert adenosine(5′ )oligophospho(5′) adenosines via inosine(5′) oligophospho(5′) adenosines in to inosine(5′) oligophospho(5′) inosines (49).
As has been reported very recently (106), Ap n As can be substrates of the ATP N-glycosidase from a marine sponge Axilla polypoides. This unusual enzyme catalyzes hydrolysis of the N-glycosidic bond in any compound containing an adenosine-5′-diphosphoryl-moiety. Thus, Ap n As can be depurinated via adenosine(5′) oligophospho(5′) riboses to the ribose(5′) oligophospho(5′) riboses.
Specific Np n N′-degrading enzymes
Although in vitro the Np n N′-synthesizing enzymes can catalyze the reverse reactions leading to the degradation of Np n N′s in the presence of the cognate organic acid (21, 91), there is no evidence that these reactions can proceed in vivo at physiological levels of pyrophosphate. Therefore those ligases will not be considered in this section, which deals exclusively with degradative enzymes. We know of two classes of Np n N′-degrading enzymes: hydrolases and phosphorylases. 6 A hydrolase showed a predominant (80%) route of Ap 6 A hydrolysis to AMP + p 5 A, with the formation of ADP + p 4 A as a more minor reaction (20%). Ap 5 A was primarily (at least 96%) hydrolyzed to p 4 A and AMP and much less efficiently (4%) to ATP + ADP. Interestingly, all these Ap 6 A/Ap 5 A hydrolases also exhibit hydrolytic activity towards diphosphoinositol polyphosphates (119). Moreover, the catalytic site of these and some other Np 4-6 N hydrolases have been demonstrated to possess pyrophosphatase activity that removes the β phosphate residue from the pyrophosphate moiety in 5-phosphoribosyl-1-pyrophosphate, generating the glycolytic activator ribose 1,5-bisphosphate (120).
The (asymmetrical) Np 4 N′ hydrolases and the Ap 6 A/Ap 5 A hydrolases belong to nudix (formerly MutT) protein family while the Np 3 N′ hydrolases (at least from humans and yeast) are members of the HIT protein family; the latter have a catalytic histidine triad in their active sites. To this latter group also belongs the dinucleoside polyphosphate hydrolase from S. pombe, which can hydrolyze various Np n N′s (n = 3-5) (121). Although it prefers Ap 4 A as a substrate, structurally it is a member of the HIT family.
Plant enzymes that specifically degrade Ap 3 A and/or Ap 4 A will now be presented in more detail.
Dinucleoside triphosphate hydrolase from yellow lupin seeds
So far, this is the only plant enzyme with this specificity that has been purified to electrophoretic homogeneity and characterized (45, 112). It has been purified from yellow lupin seed meal by ammonium sulfate fractionation (50-70%), ion-exchange chromatography (DEAE-Sephacel), gel filtration (Sephadex G-200) and elution from AMP-agarose (the resin with AMP attached to the matrix at N-6 via an eight-atom-spacer; Sigma Cat. 
Dinucleoside tetraphosphate hydrolases from higher plants
Regardless of their origin, the asymmetrically acting Np 4 N ′ hydrolases are the most well known of the specific Np n N′-degrading enzymes. Among the plant enzymes, the (asymmetrical) Ap 4 A hydrolase was first identified in extracts of yellow lupin (Lupinus luteus) seeds (45). This activity was then demonstrated in the extracts of sunflower and marrow seeds (122), tomato cells grown in suspension (123) and seeds of the narrow-leafed lupin (L. angustifolius) (124). The yellow lupin enzyme is a single polypeptide chain of 18-18.5 kDa, the narrow-leafed lupin 19 kDa (125) and the tomato enzyme 20 kDa (123). The cDNA obtained from L. angustifolius cotyledons encodes a protein of 199 amino acids and molecular mass 22,982 Da (124). In addition to substrate specificity and low molecular mass, another common feature of the (asymmetrical) Ap 4 A hydrolases is their susceptibility to fluoride. This anion is a strong and specific noncompetitive inhibitor of all these enzymes and the plant hydrolases are inhibited particularly strongly. The estimated I 50 values of 2-6 µM (122-124) are among the lowest ones reported for fluoride in any enzymatic system; these are usually in the mM range (122).
Very recently, it has been shown that an ATP⋅MgF x complex can bind strongly to the lupin Ap 4 A hydrolase, mimicking the substrate (126). The three-dimensional structure of the lupin Ap 4 A hydrolase complexed with ATP⋅MgF x has been solved and comparative studies showed that the majority of residues involved in substrate binding by the lupin enzyme are conserved in (asymmetrical) Ap 4 A hydrolases from pathogenic bacteria (50, 116) but are absent in their human counterpart (127).
The three-dimensional structure of the narrowleafed lupin (asymmetrical) Ap 4 A hydrolase was the first high-resolution solution structure of an (asymmetrical) Ap 4 A hydrolase to be determined (128). Although the structure is similar to that of E. coli MutT, (129), clear differences were observed. Studies have been also conducted of the active-site residues of this lupin Ap 4 A hydrolase (130). Site-directed mutagenesis has been used to characterize the functions of key amino acid residues in the catalytic site of this nudix hydrolase. The results revealed a high degree of functional conservation between lupin Ap 4 A hydrolase and the MutT 8-oxo-dGTP hydrolase from E. coli (129). E55, E59 and E125 all contributed to catalysis. Mutations of these residues to Q reduced k cat markedly, whereas mutations R54Q, E58Q and E122Q had lesser effects. None of the mutations substantially changed the K m for Ap 4 A but modified the pH-dependence, sensitivity to fluoride and preference of bond cleavage of the asymmetrical substrate analog, 2′-deoxyadenylated(Ap 4 A) (130).
Previously, the stereochemical course of hydrolysis of Ap 4 A catalyzed by the yellow lupin Ap 4 A hydrolase obtained from my laboratory had been established (131). In their elegant studies, Dixon and Lowe showed that the reaction proceeds with inversion of configuration at the phosphorus indicating that the enzymecatalyzed displacement by water occurs by a direct "inline" mechanism. The yellow lupin enzyme exhibits optimal activity in the pH range from 7.5-9, requires Mg Studies on substrate specificity and inhibition shed some light on the substrate requirements and one of the nonhydrolyzable analogs, P 1 ,P 4 -dithio-P 2 ,P 3 -monochloromethylene diadenosine-5′,5′′′-P Interconversions between adenine mononucleotides and diadenosine polyphosphates that can occur in plant cells are shown in Figure 3 .
CONCLUDING REMARKS AND PERSPECTIVES
As has been shown in this review, mononucleoside polyphosphates and dinucleoside polyphosphates are ubiquitous compounds and although their existence in plant cells has yet to be demonstrated, plants possess both the anabolic enzymes responsible for p n N and Np n N′ synthesis, and the catabolic enzymes, some of which are highly specific, that degrade these minor dinucleotides to NTP, NDP and/or NMP that are found in other organisms. Therefore results obtained in studies of the biochemistry of these compounds in plant systems may be of wider significance. A good example is the study of (asymmetrical) Ap 4 A hydrolases whose catalytically active nudix motif proved to be conserved in various related enzymes.
It is plausible that plants are even more active with respect to the synthesis of p n Ns and Np n N′s than other organisms since, in addition to aminoacyl-tRNA synthetases, they possess coumarate:CoA ligase. This typically plant enzyme, essential for phenylpropanoid metabolism, has to be particularly active for the efficient synthesis of such important compounds as lignins and flavonoids. I anticipate the demonstration of other p n Ns and/or Np n N′ "synthases" in plants. These could be transferases involved in the metabolism of carbohydrates that use NDP-sugars as intermediates. At certain stages of plant development and in certain organs, the reactions leading, for example, to starch accumulation have to proceed very intensively. However, in the event of an inadequate supply of either acyl-or sugar acceptors, these transferases may transfer the nucleotide moiety (AMP-or UMP-) from the accumulating acyl~pN intermediates on to polyphosphates or nucleoside polyphosphates. This suggestion will require experimental verification since, as has been shown earlier (21), not all enzymes (ligases) that catalyze the reversible transfer of the nucleotidyl-moiety from NTP on to the cognate organic acid, such as an amino acid, fatty acid, phenolic acid or sugar-phosphate, with concomitant release of PP i , are able to transfer the NMPmoiety onto polyphosphates and/or nucleoside polyphosphates.
So far, there has not been a single report describing the biological effects exerted by p n Ns or Np n N′s on plant cells. A variety of intriguing effects exerted by these compounds have been shown in animal and microbial systems, however (8), and these should inspire plant physiologists to test p n Ns or Np n N′s in experimental plant models. I hope that this review will encourage somebody to do so.
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